During epithelial cell proliferation, planar alignment of the mitotic spindle allows the daughter cells to stay within the epithelium. Previous work has identified cortical cues that regulate spindle orientation and the division axis [1, 2] . One such cue is cortical Pins (LGN in vertebrates) [3] [4] [5] [6] , which recruits the conserved Mud/NuMA protein and the dynein/dynactin complex to the cortex. The dynein/dynactin motor complex pulls astral microtubules to orient the spindle. Cortical Pins can therefore dictate the division axis. In addition to cortical cues, cell shape can also serve as a division orientation cue [7] [8] [9] . Here, we investigated the interplay between cortical cues and cell shape in a proliferating tissue. We analyzed division orientation in the first mitotic divisions of the early Drosophila embryo, where groups of epithelial cells synchronously divide. Using chemical inhibitors, knockdowns, and mutants with known deficits in motor activity, we showed that the myosin 2 motor is required to orient cell division in the plane of a columnar epithelium. Disrupting myosin activity caused the division axis to orient perpendicular to the epithelial plane. This effect was independent of Pins cortical localization, which became uncoupled from spindle orientation. Instead, myosin motor activity was required for the formation of the actomyosin cortex and for cell rounding upon mitotic entry. We propose that mitotic cell rounding in columnar epithelia allows cells to properly interpret cortical cues that orient the spindle. In the absence of mitotic rounding, geometric cues imposed by tight cell packing prevail and cells divide along their long apical-basal axis. 1B ; Movies S1 and S2). Because past studies have mostly focused on the molecular mechanisms driving asymmetric cell division and orientation of the spindle perpendicular to the plane of the epithelium [11] [12] [13] , the mechanisms involved in restricting the mitotic spindle to the plane of the epithelium during symmetric, planar divisions remain elusive and vary from tissue to tissue [4, [14] [15] [16] [17] [18] [19] [20] .
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In columnar epithelia, cells undergo a drastic shape change at mitotic entry as they round up. Chanet et al. show that rounding is required for cell division in the epithelial plane. When rounding is compromised, the spindle is constrained to the cell's long axis, regardless of cortical cues that normally ensure planar spindle orientation.
RESULTS AND DISCUSSION

Myosin Motor Activity Is Required for Planar Cell Division
In nuclear cycle 14 of the early Drosophila embryo, cells arrest in the G2 phase as cellularization proceeds. During gastrulation, cells re-enter the cell cycle in spatially coordinated clusters known as mitotic domains [10] . Mitotic domain 1 consists of two clusters of $40 epithelial cells each, on either side of the midline, in the dorsal anterior part of the embryo. Within this domain, cells divide almost synchronously, with divisions propagating from the center of the domain toward the periphery. In wild-type, all of the divisions within this domain are planar and result in daughter cells remaining in the epithelium (Figures 1A and 1B; Movies S1 and S2). Because past studies have mostly focused on the molecular mechanisms driving asymmetric cell division and orientation of the spindle perpendicular to the plane of the epithelium [11] [12] [13] , the mechanisms involved in restricting the mitotic spindle to the plane of the epithelium during symmetric, planar divisions remain elusive and vary from tissue to tissue [4, [14] [15] [16] [17] [18] [19] [20] .
To assess the role of myosin 2 (myosin) activity during tissue proliferation, we first inhibited its activator Rho-kinase (ROCK) by injecting the ROCK inhibitor (Y-27632) just before domain 1 cells entered mitosis. We observed that the ROCK inhibitor strongly inhibited planar cell divisions and caused cells to divide perpendicular to the plane of the epithelium (Figures 1A and 1B; Movies S3 and S4). Because ROCK has targets other than myosin (such as Par-3 [21] ) and because Y-27632 can partially inhibit other kinases, such as the apical-basal polarity determinant aPKC [22] , we tested whether this effect was due specifically to a reduction in myosin activity. To do so, we depleted the myosin heavy chain (called Zipper or Zip in Drosophila) using RNAi (Zip-RNAi). In Zip-RNAi embryos, like in ROCK-inhibited embryos, a significant proportion of the cells abnormally divided perpendicular to the plane of the epithelium ( Figures 1C and 1D) .
To test whether myosin motor activity was required in this context, we took advantage of two mutants of the myosin regulatory light-chain phosphorylation sites (called spaghetti squash or sqh in Drosophila) that have been biochemically analyzed and have documented deficits in myosin motor activity [23] . The mutants (sqh-AE or sqh-TA) were expressed under the sqh promoter in the hypomorphic sqh 1 1C and 1D; Movie S5). Interestingly, instead of being randomly oriented, the division angles tended to adopt a bimodal distribution in every case, with the angle of division either aligning with (0 -30 ) or perpendicular to (60 -90 ) the plane of the epithelium ( Figures 1B and 1D) . Thus, reducing myosin motor activity disrupted the planar alignment of the division axis in the early Drosophila embryo.
Reduced Myosin Activity Does Not Affect Pins Cortical Localization
We next investigated whether compromising myosin motor activity disrupts the localization of cortical cues that are required for spindle positioning. First, we checked that adherens junctions and apical-basal polarity were not altered when myosin activity was reduced ( Figure S1 ). Then, as recent work has shown that LGN localization and spindle orientation are regulated by E-cadherin complexes at cell-cell contacts in mammalian cells [25] , we looked at whether reducing cell-cell junctions affected spindle orientation. To do so, we generated maternal and zygotic mutants for armadillo (arm, the fly b-catenin). We did not find any major defects in planar cell division after disrupting cell-cell junctions in arm mutant germline clones, indicating that reducing cell-cell junctions does not affect planar cell division in the embryonic epithelium (Movie S6). Finally, we confirmed that Pins is required for planar cell division in wild-type cells and localized in a lateral cortical belt in the embryonic epithelium [26] (Figures 2A and  2B ). Previous studies in epithelia have shown that correct Pins localization depends on its interaction with Discs-large (Dlg) [16, 17] . Consistent with this, we observed an absence of cortical Pins in Dlg-RNAi embryos, which was associated with randomized division angles (Figures 2A and 2B ). Note that, in contrast to the Drosophila follicular epithelium where Dlg restricts Pins localization to a lateral belt but is dispensable for its cortical recruitment [16] , in the embryonic epithelium, Dlg is necessary for Pins cortical recruitment. This demonstrates that, in the embryonic epithelium of Drosophila, Dlg plays a similar role as in the mouse neuroepithelium to recruit and localize Pins at the cortex [17] .
Importantly, Pins localization was not affected when myosin activity was reduced in Zip-RNAi, sqh 1 ; sqh-AE or sqh 1 ; sqh-TA embryos, but the mitotic spindle no longer aligned toward Pins cortical enrichment ( Figure 2C , yellow arrowheads). This indicates that Pins cortical localization is not sufficient for spindle alignment with the epithelial plane when myosin motor activity is deficient.
Interestingly, ROCK-inhibitor injection disrupted Pins cortical recruitment and resulted in a stronger defect in planar spindle orientation ( Figures 1C and S2A ). If loss of cortical Pins in ROCK-inhibitor-injected embryos was the primary cause of misoriented divisions, then the spindle misorientation phenotype in ROCK-inhibited embryos should be rescued by restoring the cortical localization of Pins. To test this hypothesis, we generated a myristoylated version of Pins (myr-Pins) tagged with GFP and expressed it in the early embryo. As a control, we generated a wild-type (WT) version of Pins tagged with GFP. Both myr-Pins and WT Pins were enriched in lateral membranes, and their overexpression did not affect the planar alignment of the mitotic spindle during cell division ( Figure S2B ). Whereas WT Pins, like endogenous Pins, was released from the cortex after ROCK-inhibitor injection ( Figure S2D ), myr-Pins cortical localization was not affected by ROCK inhibition ( Figure S2D ). However, cortical localization of myr-Pins did not restore planar cell division in ROCK-inhibitor-injected embryos ( Figure S2D , yellow arrows). To test whether the myr-Pins construct was functional, we confirmed that cortically localized, myr-Pins restored planar cell divisions in Dlg-RNAi-injected embryos ( Figure S2C ). These results suggested that the defect in cortical Pins localization after ROCK-inhibitor injection is not the primary cause of division axis misorientation. Thus, reduced myosin activity seems to alter another process independent of Pins cortical localization that is crucial for planar cell division.
Myosin Motor Activity Is Essential for the Formation of the Mitotic Actomyosin Cortex and Mitotic Rounding
The embryonic epithelium is composed of columnar cells elongated along their apical-basal axis (cells are typically $40 mm in height and $10 mm in width). At mitotic entry, cells round up and drastically reduce their height along the apical-basal axis ( Figure 3B , WT). Mitotic rounding is associated with a remodeling of the cell cortex and profound reorganization of the actomyosin network [27, 28] . In the embryonic epithelium, as shown in other epithelial systems [28, 29] , we observed isotropic myosin accumulation around the cell cortex as the cell rounded up prior to division ( Figure 3A ). In Zip-RNAi embryos or in ROCK-inhibitorinjected embryos ( Figure 3A ), sqh-GFP was not enriched at the cortex. Interestingly, myosin was also not cortically enriched upon mitotic entry in sqh 1 ; sqh-AE or sqh 1 ; sqh-TA embryos ( Figure 3A) . Thus, myosin motor activity is required for cortical myosin recruitment in the M phase. To our knowledge, this is the first time motor activity has been shown to be required for myosin's cortical localization in Drosophila, as motor activity is not required for apical myosin localization during apical constriction in ventral furrow cells [24] or for its localization in a constricting ring during cytokinesis (Movie S5).
To test whether the lack of cortical myosin upon mitotic entry impaired mitotic rounding, we reconstructed the three-dimensional (3D) shapes of dividing cells [30] . We observed that rounding was defective at metaphase in cells with reduced myosin activity ( Figures 3B and 3C) . We quantified cells' 3D apical-basal aspect ratio at metaphase just before the formation of the cytokinetic ring and measured a significant increase in aspect ratio when myosin activity was reduced, indicating that cortical myosin activity was required for mitotic rounding ( Figure 3D ). Reduced myosin activity, therefore, prevented mitotic rounding. Consistent with this, we observed that cells with reduced myosin activity remained more elongated along their apical-basal axis during mitosis than WT cells ( Figure 3E ). Cell shape remained highly elongated upon mitotic entry when myosin activity was reduced, probably due to a defect in myosin-dependent cortex stiffening. Thus, our results suggested that there is a geometrical constraint in the absence of mitotic rounding that prevents cells from aligning the mitotic spindle in the epithelial plane.
Mitotic Rounding Allows Cells to Interpret Cortical Cues for Proper Division Orientation
Our data support a model where an elongated metaphase cell shape constrains spindle alignment to the long axis of the cell. To further test and generalize this model, we experimentally disrupted mitotic rounding without overtly altering myosin activity. First, we depleted moesin (moe-RNAi), which links actin filaments to the plasma membrane and is required for mitotic cell rounding [27] . Second, we disrupted cortical actin turnover by injecting Cytochalasin D (Cyto D) [31] . Both perturbations disrupted mitotic rounding ( Figure 4A) , as revealed by an increased aspect ratio at metaphase compared to WT ( Figure 4C ). Similar to reducing myosin activity, we observed that both moe-RNAi and Cyto D injection significantly disrupted the planar orientation of cell division ( Figure 4B ). Therefore, even with normal myosin motor activity, disrupting cell rounding is sufficient to alter division orientation.
To assess the relationship between the division axis and mitotic cell shape, we plotted the division angle (the angle between the division axis and the plane of the epithelium) as a function of the cell's aspect ratio at metaphase. For this, we pooled all of the different genotypes and drug treatments that we analyzed. Importantly, we found a strong correlation between the ability of a cell to round up at metaphase and the orientation of the division axis, even within a single genotype or drug treatment ( Figure 4D) . Cell shape at metaphase, therefore, appears to be a good indicator of how the cell will divide later (within or out of the plane of the epithelium). In the absence of cell rounding, columnar shape at metaphase appeared to cause the spindle to abnormally align with the long (apical-basal) axis of the cell, even in the presence of cortical spindle positioning cues. In contrast, when only cortical spindle positioning cues are affected (i.e., Dlg-RNAi), cells properly rounded up in mitosis ( Figure 4C) , and division angles were random ( Figure 2B ). Because cells correctly rounded up, there was no longer a significant correlation between division angle and cell aspect ratio at metaphase ( Figure 4E ). Therefore, cortical cue localization and mitotic cell rounding are separable events, and we show that both are required for proper division orientation.
Conclusions
More than a century ago, Hertwig stated that cells tend to align their division axis with their long axis, a rule now known as Hertwig's rule [32] . The influence of cell shape on division axis orientation has been documented in single cells in culture and in single-cell embryos [8, 9, 33] . However, the translation of these rules to multicellular systems where cells are packed together and must integrate multiple signals from both molecular and geometric cues is less obvious. Recent studies have focused on understanding in what context and by which mechanisms cell geometry may influence the division axis in multicellular systems [15, 34, 35] . Here, we propose that myosin-dependent mitotic rounding is required in a packed columnar epithelium in order for cells to interpret molecular cues that orient cell division. Although it is possible that myosin activity somehow affects the functionality of the Pins complex (without affecting its localization), we propose that its main requirement for planar division is in cell rounding. We showed that disrupting mitotic rounding independently of myosin activity also affected planar cell divisions (in moe-RNAi, for example), and we showed that, within a uniform context (same genotype or same drug treatment), there is a strong correlation between cell rounding and division angle ( Figure 4D ). This strong correlation, therefore, argues that the division angle is closely connected to cell shape, because even cells with disrupted myosin or cytoskeletal activity can divide correctly if they have a proper shape. However, if the cells are not able to round up, the spindle will align along the long apical-basal axis. Our model suggests that correct mitotic rounding is critical in columnar epithelia where molecular (lateral localization of Pins) and geometrical (elongation of the cells along the apical-basal axis) cues disagree. Interestingly, in accordance with our model, the requirement of ROCK activity and mitotic rounding for planar cell division was previously observed in another columnar epithelium, the wing imaginal disc [18] , suggesting that this is a common rule. In contrast, despite extensive studies in the notum, a cuboidal epithelium, defective spindle alignment with the plane of the tissue has never been reported in this tissue after myosin depletion [36, 37] . This suggests that, in a cuboidal epithelium, the spindle is not constrained to align along the apical-basal axis, even if the cells do not properly round up at mitotic entry. Therefore, we propose (D) Division angles are plotted depending on the cell's aspect ratio at metaphase for individual cells. Individual data are color coded depending on the genotype or drug treatment. The regression line is shown. We found a correlation coefficient r = 0.8, p < 0.01. (E) Division angles are plotted depending on the cell's aspect ratio at metaphase for individual Dlg-RNAi cells. Cells round up at metaphase, but the division angle is random; there is not a significant correlation between the two variables (r = 0.43, p = 0.218). n.s., not significant.
that mitotic rounding becomes critical in a crowded environment, where cell rounding might be required to permit a spindle to fit in the plane of the epithelium. Mitotic rounding in columnar epithelia allows cells to properly interpret cortical cues that orient the spindle. Indeed, it has been shown that the Drosophila early embryonic epithelium exhibits characteristics of a jammed material, suggesting that it is a crowded environment [38] . In the absence of mitotic rounding, geometric cues imposed by tight cell packing prevail.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila melanogaster
All experiments were performed at 25 C. Wild-type controls were from w 1118 background flies with additional transgenes of fluorescently tagged proteins. Myosin was visualized in live and fixed embryos using myosin regulatory light chain (sqh in Drosophila) fused to GFP, sqh::GFP [41] or mCherry, sqh::mCherry [45] . Cell outlines were visualized in live embryos using the plasma membrane marker Gap43::mCherry [42] and microtubules were visualized using Jupiter::GFP [44] .
METHODS DETAILS
Live and fixed imaging For live imaging, embryos were dechorionated with 50% bleach then washed with water and mounted, dorsal side up, onto a slide coated with glue. No. 1.5 coverslips were used as spacers to create a chamber for the mounted embryo. The chamber was filled with Halocarbon 27 oil (Sigma). For fixed images, embryos were dechorionated in 50% bleach then fixed in 4% paraformaldehyde (20-30min in 0.1 M phosphate buffer at pH 7.4 with 50% heptane) and devitellinized by vortexing in 1:1 methanol/heptane solution. For Arm immunostaining, embryos were fixed using heat fixation (10 s in boiling 0.4% NaCl 0.03% Triton X-100). After immunostaining, embryos were mounted using AquaPolymount (Polysciences). All images were acquired on a Zeiss LSM 710 confocal microscope, with a 40x/1.2 Apochromatic water objective, an argon ion, 561 nm diode, 594 nm HeNe, and 633 nm HeNe lasers. The Pinhole was set between 1 and 2 Airy Units for all images.
Germline clones sqh mutants analyzed in this study are embryos derived from sqh 1 germline clones in flies carrying either a sqh-TS::GFP, sqh-TA::GFP or sqh-AE::GFP transgene; pins mutant embryos are derived from pins p62 germline clones and arm mutants are derived from arm 043A01 germline clones. Germline clones were generated using the FLP-DFS technique by heat shocking mutant/ovoD larvae for 2 hr at 37 C for 3-4 days [46] . Maternal and zygotic mutants for arm 043A01 display a severe tearing phenotype in the Ventral Furrow [42] and the Posterior Midgut. This phenotype was used a posteriori to genotype the embryos. Only embryos showing severe tears in the Posterior Midgut were analyzed.
Generation of UAS-Pins constructs
Pins cDNA was amplified using Pins-TOPO-F or Pins-TOPO-myr-F and Pins-TOPO-R primers (listed in Key Resources Table) . The PCR fragments were then cloned into pENTR using directional TOPO Cloning. The Pins and myrPins cDNA were transferred from the entry construct into the Gateway destination vector pPWG that contains a Gateway cassette, a C-terminal eGFP tag and a UASp promoter, by performing the LR recombination reaction. Transgenic flies were generated using standard procedures [47] ; in short, the plasmids were injected into the posterior pole of freshly laid embryos from females expressing the Delta2-3 integrase. Resulting F1 flies were crossed to yw; Sp/CyO flies and F2 progeny were screened for red eyes. Integration locations were then mapped by crossing with flies yw; Sp/CyO and yw; Dr/TM3. The UAS-Pins and UAS-myr-Pins transgenes used in this study are on chromosome 2. RNAi and drug injection Dlg dsRNA were generated as previously described [42] using the primers listed in the Key Resources Table. Newly laid embryos were injected laterally and incubated for 2.5-3h at room temperature (23 C) before imaging. For ROCK inhibitor or Cyto D injections, stage 6 embryos (3h after egg laying) were injected laterally with Y-27632 (50 mM) or Cyto D (2.5 mg mL À1 ) and immediately imaged.
For all injections, embryos were first dechorionated in 50% bleach and washed with water, mounted with embryo glue, and desiccated for 5 min with Drierite (Drierite Company). Before injection, halocarbon 700 and 27 oil (3:1 ratio) was layered over embryos.
Image processing and analysis Images were processed using Fiji and MATLAB. A Gaussian filter (kernel = 3 pixels, s = 0.5-1) was applied to images. Divisions angles were measured in Fiji after orthogonal reslicing of the images. In Figure S2 the absence of a membrane marker prevented this measurement. To quantify cell division orientation, we measured the aspect ratio of the cytokinetic ring in en face view, after maximal intensity projection of z stacks. If the cytokinetic ring appeared as a ribbon, the aspect ratio would be high whereas if it appeared as a ring, the aspect ratio would be close to 1 (perfect circle). We set up a cut-off at aspect ratio < 1.5 to account for cells dividing out of the plane of the epithelium.
Three-dimensional cell shape reconstruction and analysis Cell shape reconstruction was performed using EDGE4D https://sites.google.com/site/edge4dsupplement/home. To measure cell shape aspect ratio, EDGE4D was used to perform principal components analysis of the vertices of the triangle mesh reconstruction of the cells. We used the centroid of the triangle mesh vertices as the origin. We computed the aspect ratio by first finding the maximum length vector projection, relative to the origin, onto a unit vector in the direction of the first principal component. This provided the length of half of the cell along the apical-basal direction. We then negated the unit vector in the direction of first principal component and found the maximum projection relative to the origin to obtain the length of the bottom half of the cell. We then repeated the process for the second principal component, a vector orthogonal to the first, and aligned with the epithelial plane.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using the MATLAB statistics toolbox. p values were calculated using a two-sample KolmogorovSmirnov test, the reference sample is the angle distribution in wild-type. Correlation coefficients r are Spearman correlation coefficient. p values are calculated against the null hypothesis r = 0.
